Abstract. This paper measures the solar radius, using the new Tubitak National Observatory astrolabe as well as data acquisition and reduction procedures. The mean values of the solar radius obtained are slightly lower than the other results to which they are compared. We have compared our results with data obtained since 1981, and show that our results are very homogeneous. We hope to extend these measurements to obtain accurate determinations of solar position.
Introduction
Visual observations of the Sun (Laclare et al. 1980; Chollet 1981) show some variations in the solar radius. To improve the quality of this type of measurement in a precise and automated fashion, we have made astrometric observations of the Sun with the new solar astrolabe at Antalya station, National Observatory of Turkey. These measurements aim to estimate the solar radius and, possibly, its variations, using a modern CCD astrolabe with zerodur prisms and a CCD video camera (Sinceac 1998; Sinceac et al. 1998a) . Only the automation system, for instrument orientation and horizontality, needs to be installed.
In astrometric observations, the apparent or observed solar radius is always smaller than the true one. In the observed radius, limb darkening is amplified and modified by atmospheric turbulence and transmission. So, the true radius needs to be defined, which we take as ) the semi-diameter of a large circular source of light emitting with constant intensity (i.e. without limb darkening). We emphasize here that the observed diameter is always vertical and that each radius determination, obtained by time transit differences, is made at a constant zenith distance.
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The instrument
The astrolabe gives two images of the same star which follow two symmetrical trajectories relative to a horizontal line. The principle is to find the instant when the two images of the star are on the same horizontal line. At this instant, the apparent zenith distance of the star is exactly that defined by a prism, equivalent to a double mirror, associated with a mercury surface. Construction of several ceramic glass prisms with different angles allows the possibility to observe at several zenith distances to increase the quantity of daily and annual results. The possible zenith distances attainable in Antalya are 30
• and 60 • . A new prism, for the 45
• zenith distance, constructed with the help of the San Fernando Observatory (Sànchez 2000) , will be installed next year.
Placed in front of the objective, the optical mount gives two images in the focal plane of the refractor via two separated beams. The separation of the beams introduces a systematic error which is removed by a Wollaston prism placed in the focal plane in order to realign the two beams. The solar observation should be made using a neutral filter (ceramic glass plate covered by a Chrome-Nickel coating with density near 5.5).
The prisms are thermally stable, allowing them to be placed just in front of the telescope objective such that they stay in a fixed position during observations, even when the prism is changed.
The observer attempts to determine, as well as possible, the true transit time of each solar limb. The observing step acquires a set of about 100 images (with two solar images, due to the two beams) and the exact value of the UTC time of the acquisition for each image. With this set of images the apparent trajectory of each image as a function of time can be reconstructed (Sinceac 1998; Sinceac et al. 1998a; . Each CCD frame contains the direct and the reflected images of the Sun.
The video camera has a 576 * 768 pixel chip with interline transfer. The associated board associated reduces the resolution to 512 * 512 pixels in two frames (256 rows × 512 columns), as in the television standard. On the sky, the resulting pixel covers 0. 78 (vertical) and 1. 10 (horizontal). Taking account of focal length of the astrolabe, the field covered by the camera is approximatly 400 × 280 . The largest visible part of the Sun covers less than 20% of the total image. The exposure time ranges from 0.1-20 ms.
Due to a defect in the Wollaston prism, these first campaigns (1999 and 2000) should be considered as being carried out by using two different astrolabes. We will see later that, despite this instrumental problem, the results are very similar.
The reductions
To measure the vertical solar diameter (VSD), we determine, on the two images, the extremities of the VSD along the solar limb. Each image gives the distribution of the apparent solar intensity I(x, y) with respect to the CCD frame defined by the CCD rows and columns.
The subsequent analysis is made so as to obtain successive positions of one of the extremities of the vertical solar diameter in the CCD frame used as a mathematical system of coordinates. As a first approximation to find the reference points on each limb, 3 steps are necessary for each of the two solar images on each of the CCD frames:
-Replace each solar image by a set of points along the limb, by finding the maximum of the derivative of I(x, y 0 ) along the line y 0 of the CCD camera; -Determine the parabolic equation which represents this set of points, and -Take the position of the extremity of the parabolic curve (the VSD extremity).
The two sets of VSD extremity positions give the trajectories of one of the extremities of the VSD seen directly or reflected by mercury. These coordinates are functions of time: x d (t) and y d (t) (direct images), and x r (t) and y r (t) (reflected images) in the CCD frame. Knowing these functions, it is possible to determine -the transit time of the observed extremity of the VSD; -the correction to the CCD line inclination with respect to the horizon; -the true extremity of the VSD along the limb, and consequently the corresponding correction to the observed transit time, and -the pixel sizes on the sky (in arcseconds) along the horizontal and vertical directions.
The transit time of the VSD extremity is obtained when the two coordinates (corrected for the CCD line inclination) y d (t) of the direct image and y r (t) of the reflected image are equal. Finally, the comparison of the transit times obtained for each edge of the Sun gives the observed solar diameter. Simple subsequent calculation gives the corrected apparent radius for the unit distance (1 AU).
The zenith distance
The least squares method is used to determine the parabolic curve along the solar edge, as well as the solar trajectories. This method decides during each step whether to reject the lines and/or images via a 2.57σ test (Sinceac 1998) . This method gives homogeneous results but cannot solve easily the problem of the solar limb definition because of effects of the limb darkening and atmospheric motions. Thus, the apparent solar radius is always smaller than the true one (Rösch et al. 1996; . Nevertheless, considering the amount of information obtained during each transit, it may be possible to evaluate these effects and derive the corresponding corrections. We suggest:
-extrapolation of the results of the numerical analysis by a method (to be defined), or -construction of a model of the solar image, which takes account of all the physical effects.
Using the first method, very interesting correlations have been established between the observed radius and the Fried parameter given by r 0 = 8.25 10
which may be considered as a representation of the atmospheric turbulence (Irbah et al. 1994) . Here D is the aperture 1 of the astrolabe refractor (m), λ is the wavelength (m), and σ is the standard deviation ( ) of the linear fit of the observed trajectories (r 0 is in meters).
For a given type of instrument, the formula for r 0 contains only one variable, σ, which is relatively stable. Consequently, a very large set of measurements is necessary for the extrapolation method.
Results
A change in the instrumental zenith distance between the observations of the two limbs of the Sun is the only effect able to influence measurement of the diameter. A variable error in the computation of the refraction, a change in the focal length, and/or a change of the prism angle can introduce such an effect. As the necessary parameters (pressure and temperature) and the computation of the refraction is performed before and after the solar transit, the error in the refraction evaluation is assumed to be constant during the transit. If the true error is not large, there is no effect on the solar diameter evaluation as long as the error does not change.
The change in focal length is a thermal effect with the same variation for equal changes in temperature. Generally, the effect on the focal length and on the observed diameter is the same. Consequently, no effect appears between east and west diameter evaluation.
For the same thermal variation, the change in the prism angle is also the same during east and west observations. However, the zenith distance variation of the Sun during the transit is not the same and the east and west results can show systematic differences which allow us to evaluate the instrument quality and stability.
Despite the small number of observations, the mean difference between the east and west radii was computed. We have considered only the data from east and west transits at the same zenith distance on the same day. We obtain: The effect of the change in the prism angle appears noticeable in 1999, but the total set of measures shows that the effect is very small.
The observed solar radius
The observations made in 1999 should be considered as tests of the instrument and the method. However, the results are so similar that using the observations of the two years put together, the correlation between r 0 , (in meter here) and the observed solar radius R was computed to be R = 959. 03 − 0.
.m 016812 · 1 r 0 · An ideal atmosphere corresponds to an infinite value for r 0 . When the Fried parameter is extrapolated to +∞, for 1 r0 = 0, we obtain the constant term of the preceding relation, so the extrapolated radius R is R = 959. 03 ± 0. 07 (1999−2000) .
This result may be considered as the value of the solar radius through a perfect atmosphere or above the atmosphere. We see that the precision is not impressive. The total number of radii obtained, 94 for 1999 and 392 for 2000 are plotted in Fig. 1 and can be found on the TUG server 2 . Table 1 The dispersion σ of the results is practically the same for each year ( A similar subsequent analysis was made using the data of Table 1 , giving a different result, R = 959. 57, which, comparing with the results obtained at Cerga and Rio Observatory (Jilinski et al. 1998; Jilinski et al. 1999; Puliaev 2000) seems to be homogeneous. Taking into account the amount of data in this last analysis, we have to be cautions, and more observations are needed.
Comparison with other results
Several authors have published mean values for the apparent solar radius, measured with different instruments and methods. These results were compared in a recent paper , (Table 2) . When we investigate the value of the solar radius and its variation, it is necessary to compare not only the results of different instruments at different times but also those obtained during the same period of time. Thus the results must be computed using strictly the same software. The software used was characterized in the Cerga and Paris Observatories (Sinceac 1998; Sinceac et al. 1998a; Chollet 1981; and is used in several stations or has been compared with the other software. Table 2 shows clearly that different instruments give different results, as judged by their formal errors, even during the same period of time. The observed radii range between 960. 53 (Wittmann 1997) to 958. 60 (obtained here). Table 2 shows that, despite the variety of instruments, the radius shows a relatively strong decrease (in the order of 0. 04/year).
We can attribute this apparent radius change either to a real variation of the solar radius or to instrumental systematic errors. The possibility of real variation is not excluded.
Our low result may be explained by the fact that we have corrected the instrumental zenith distance for the focal length variations following the results of autocollimation procedures. This parameter plays an important role in the definition (and in the value) of the real zenith distance during observations. Nevertheless, one can see in Table 1 that the mean values, obtained using 20 consecutive individual measurements, show a very good regularity despite the relatively small number of entries.
Conclusion
Despite probable systematic differences with other results, the solar radius obtained at the Antalya station presents some interesting characteristics. The instrument of Malatya was moved to the Antalya station, so the results obtained at these two stations come, optically speaking, from the same instrument.
One can see that the mean values obtained range from 958. 39 to 958. 86 (Table 1) . A linear regression shows that the results seem to increase very slowly from 1999 to 2000 (About 0. 005/year). Concerning visual observations, we have seen in the past that the first measurements of all the astrolabes resulted in relatively large variations, which disappeared after several months. This was experienced, with large amplitudes, at Cerga, Santiago, and San Fernando stations but not in Antalya. This result alone justifies the use of a CCD camera.
With a new prism which allows us to observe at a 45
• zenith distance, we hope to not only increase the quantity and quality of the results but also to extend the observational program to measurements of positions of the Sun as well as to positions of planets and faint stars. 
